Due to its superior coherent and optical properties at room temperature, the nitrogen-vacancy (NV) center in diamond has become a promising quantum probe for nanoscale quantum sensing. However, the application of NV containing nanodiamonds to quantum sensing in biology and nanomedicine is hindered by their relatively poor spin coherence. The traditional strategy to protect spin coherence using pulsed dynamical decoupling is limited by the microwave power and thus may not be efficient for protecting quantum spin coherence when nanodiamonds are located in living cells. Here we demonstrate efficient protection of spin coherence of NVs in nanodiamonds using concatenated continuous dynamical decoupling. We observe significantly extended spin coherence time under the constraint of microwave power. We apply the decoupling strategy to nanodiamonds in living cells, and extend the spin coherence time by an order of magnitude up to 30 microseconds. Our result may provide an important step towards efficient in vivo quantum sensing using NV centers in nanodiamond.
Nitrogen-Vacancy (NV) centers in diamond are quantum emitters consisting of a substitutional nitrogen atom and a neighboring vacancy site that exhibit stable fluorescence [1] . In addition, they have a spin triplet ground state, which can be coherently manipulated by microwave fields. Observation of spin-dependent fluorescence, provides an efficient way to readout the spin state of NVs. The energy splitting of the NV electron spin depends on physical parameters, such as magnetic field [2] [3] [4] , electric field [5, 6] , and temperature [7] [8] [9] . A variety of quantum sensing protocols for precise measurement of these physical parameters in different scenarios have been developed [10, 11] . These protocols are all based on determining the NV spin energy splitting, therefore the measurement sensitivity is limited by the NV spin coherence time.
Spin coherence in bulk diamond is mainly affected by surrounding electronic impurities (P1 centers) and nuclear spins (1.1% natural abundance of 13 C isotope). The spin reservoir can in principle be eliminated by using isotopically engineered high-purity type IIa diamond [12] . In order to mitigate the influence of any residual impurities pulsed dynamical decoupling has been widely exploited to prolong spin coherence time [13] [14] [15] . Its excellent performance when applied to NVs in bulk diamond is a result of the quasi-static characteristics of the spin reservoir in bulk diamond and the high microwave power available. Unfortunately, these two factors may not be easily satisfied for NV centers in nanodiamonds, which are required for sensing applications in vivo. NVs contained within nanodiamonds typically exhibit poor spin coherence time, which has been attributed to nanodiamond surface spin noise and electric charge noise that include prominent high frequency components. Preserving the coherence of NVs in nanodiamonds becomes even more problematic when they are located in biological environments which presents additional noise sources. The microwave power available to decouple NVs within living cells can be limited by the large distance between microwave antenna (or waveguide) and nanodiamond, and absorption by biological tissue. Furthermore, the microwave radiation should be minimised in order to avoid destructive effect on biological samples. Therefore, the development of an efficient strategy to prolong spin coherence time of NVs in nanodiamond under the constraint of microwave power represents a significant challenge in developing highly efficient quantum sensing protocols for biology and nanomedicine [7, [16] [17] [18] [19] [20] .
In this work, we implement concatenated continuous dynamical decoupling (CCDD) to prolong the spin coherence time of NVs contained within nanodiamonds. CCDD employs a microwave driving field consisting of suitably engineered multi-frequency components [21] [22] [23] . The purpose of the main frequency component of the microwave drive is to suppress fast environmental noise, while the other weaker frequency components compensate power fluctuations in the main frequency component. A key advantage of the CCDD compared to pulsed schemes is that the decoupling efficiency achievable at the same average power is superior [20] . This is especially so, for low microwave radiation power levels for which CCDD can remain effective while pulse dynamical decoupling no longer functions. We demonstrate experimentally that CCDD achieves a performance that significantly exceeds that of pulse dynamical decoupling strategies given the same microwave energy consumption [20] . We show that CCDD prolongs the spin coherence time of NVs in nanodiamond up to tens of microseconds at which point it reaches the fundamental limit imposed by the NV spin relaxation time T 1 in these nanodiamonds. This is achieved with a microwave drive strength as weak as 1MHz (as quantified by the Rabi frequency of NV spin). We apply this strategy to nanodiamonds inside living cells, and observe prolonged spin coherence time up to 30µs. Our result demonstrates the potential of CCDD as a useful tool for the development of quantum sensing technology using nanodiamond NVs in practical applications in biology and nanomedicine.
In our experiment, we use HPHT grown nanodiamonds from Microdiamant with diameters of approximately 43 ± 18 nm, as measured with high-resolution atomic force micrograph ( Fig.1(a-b) ) (see Supplementary Information for further details). We apply a static external magnetic field of strength B along the NV axis in order to separate the spin levels (m s = +1, 0, −1) of the triplet ground state. The two allowed NV spin transitions (m s = 0 → m s = +1 and m s = 0 → m s = −1) which are split by γB, are shown in the optically detected magnetic resonance (ODMR) measurement in Fig.1(c) . We first characterize the NV coherence properties by performing spin echo measurements on single NV centers in nanodiamonds. Microwave control pulses are generated with an arbitrary waveform generator (AWG) which are amplified by a microwave amplifier. The power of microwave radiation determines the frequency of the Rabi oscillation. Spin echo measurement were performed for several NVs to determine the spin coherence time, three representative examples are shown in Fig.1(d) . The data is fitted by a decay function in the form of exp[−(t/T S E ) α ], where T S E denotes the spin echo coherence time. We extract the value of α, the statistic of which shows α ∈ [1.08, 1.74], indicating decoherence is due to both slow and fast environmental fluctuations (see Supplementary Information). Universal dynamical decoupling with a train of pulses, such as Carr-PurcellMeiboom-Gill and XY8 sequences, may prolong spin coherence time by suppressing noise of low frequency [14, 15] . Our Ramsey measurement under different magnetic field strengths shows that T * 2 decreases as the magnetic field increases (see Supplementary Information), which suggests that the noise in the present scenario is dominated by surface electric noise [24] rather than a slow spin bath. The performance of pulse dynamical decoupling is limited by the required microwave power and pulse repetition rate. If the microwave power is not sufficiently high, spin coherence is lost during the pulse duration (i.e. the time during which π pulse is realized) and decoupling is no longer effective. We apply XY8-N pulse sequences to several NV centres using a train of 8N π-pulses, as shown in Fig.2(a) . with N up to 12 [25] , see the inset of Fig.2(c) . We also observe that the coherence time saturates and any further increase of number of pulses does not necessary leads to a longer coherence time. Because the XY8 pulse sequence exhibits excellent pulse error tolerance, the experiment observation suggests that the limited coherence time is likely due to fast noise dynamics and the finite pulse duration (non-instantaneous pulse) under the constraint of microwave radiation power. It can be seen from Fig.2 (e) that the performance of XY8 pulse sequences becomes worse if the microwave radiation power is too low.
To achieve high efficiency dynamical decoupling with a limited microwave power, we apply CCDD to prolong the spin coherence time of nanodiamond NVs. We first illustrate the basic idea of CCDD by considering NV spin as an example two level quantum systems [21] [22] [23] , however we remark that the present scheme is applicable to many other twolevel quantum systems. We choose the subspace as spanned by {m s = 0, m s = −1} to encode a two-level quantum probe. We introduce a microwave driving field with a time varying phase [22] as follows
where σ x is Pauli operator, ω 0 is the energy gap between m s = 0 and m s = −1, Ω 1 is the Rabi frequency as determined by the power of microwave radiation, and the fluctuation in microwave is denoted as δ x . The effect of magnetic noise is suppressed by the driving field Ω 1 as long as the noise power density is small at frequency Ω 1 . In the interaction picture, the effective Hamiltonian can be written as [22] 
For further details see SI. As the phase control in the AWG is extremely stable the fluctuations in Ω 2 are negligible. Assuming that the power spectrum of δ x is negligible at frequencies larger than Ω 2 , the noise will only lead to a second order effect, i.e., δ 2 x /Ω 2 σ z . An exact analytical solution to this type of noise exist [26] . However, assuming low frequency noise and the fact that δ x ≈ 10 −2 Ω 1 we can estimate the final decoherence rate by 10 −3 Ω 1 as (Ω 1 /Ω 2 ) is fixed at 10. As compared with the traditional pulsed dynamical decoupling strategy, CCDD can achieve better performance with the same average microwave radiation power [20, 27] .
In our experiment, a schematic of the microwave and readout sequence we use to implement CCDD is shown in Fig.2(b) . A π/2 pulse prepares NV spin in a superposition state of |0 and | − 1 . The phase varying concatenated continuous driving field as in Eq. (1) is generated with an AWG and acts on the NV spin for time T . A final π/2 pulse maps spin coherence information into the state |0 population as measured by APD (avalanche photodiode gate). Fig.2(d) shows the significantly extended coherent oscillation by applying the CCDD scheme. The curve is fitted with a function of the form exp[−(T/T C )] which leads to an estimation of the prolonged coherence time T C . We perform measurements using different microwave power and compare with XY8 pulsed dynamical decoupling. Our result as shown in Fig.2(e) demonstrates that using the same average microwave power, the CCDD scheme can achieve an enhancement in coherence time by a factor of 2 as compared with XY8 pulse dynamical decoupling (T C 32µs vs. T 2 15µs). The extended coherence time T C increases as the first-order driving field becomes stronger which suggests that fast noise is better suppressed. The decoupling efficiency however decreases with a further increased in intensity of the first-order driving field as fluctuations in the driving field amplitude overwhelm the gains from suppression of fast noise. This yields an optimum choice of the amplitude of the driving field, see Fig.2 (e) and the achieved noise rate reaches the estimation of 10 −3 Ω 1 , which is of the same order as T 1 (which is around 87µs). Henceforth, the achieved coherence time is of the same order of the relaxation time T 1 as T 2 is limited by T 1 /2 [28] , demonstrating that the CCDD scheme is effective in protecting against dephasing [27] . We remark that CCDD scheme can still prolong coherence even when the microwave power is so low that pulsed dynamical decoupling does not work at all. Fig.2(e) shows that the coherence time by CCDD can still reach T C 15µs in this case. This is the available interrogation time for CCDD based quantum sensing protocols. In contrast, using an XY8 pulse sequence with the same microwave power only sustains spin coherence in a very short free evolution interrogation time (i.e. the time interval between pulses). Such a short effective interrogation time as compared with the pulse duration severely limits the achievable sensitivity of quantum sensing, and may even cause a more serious problem, e.g. misidentification of frequency components in classical fields or single molecule spectroscopy [29] [30] [31] .
The requirement of low microwave power is of practical importance for quantum sensing applications in vivo, because microwave radiation is absorbed by biological tissues which may lead to heating and subsequent damage or denaturing of protein molecules. To demonstrate the performance of CCDD for biosensing, we exploit the scheme to protect the spin coherence of NVs in nanodiamonds up-taken by living cells. The cells we use in experiment are the NIH/3T3 cells that are adherent to the upper surface of the cover glass. To avoid the strong fluorescence of the nutrient solution, we replace it with phosphate buffered saline (PBS) which has almost no fluorescence and wash the cells 3 times to remove nanodiamonds not internalised by the cells. Fig.3a shows a confocal scan image of the cell sample where fluorescence is gated around the NV emission spectrum. With membrane labelling and depth scan tomography, it is possible to clearly identify nanodiamonds that are taken up by the cells and located in Number of XY8 (XY8-N) the cell cytosol, (see Supplementary Information). We perform ODMR (Fig.3b) and spin echo measurements (Fig.3c) to characterize the properties of those nanodiamonds in cells. We compare the performance of CCDD with XY8 pulsed dynamical decoupling for the protection of NV spin coherence in cells. Fig.3(d-e) show the measurement data obtained by applying a microwave amplitude that corresponds to a Rabi frequency of 9.6 MHz and 4.6 MHz in XY8 pulse dynamical decoupling and CCDD scheme respectively, the NV spin coherence time is extended up to 29.4 ± 3.6µs by CCDD scheme while XY8 pulse dynamical decoupling scheme reaches only 17.49 ± 1.43µs. We note that we expect the advantage of CCDD scheme to become more prominent as the microwave power is reduced. By performing cell morphology studies of the NIH/3T3 cell after each experiment, which show negligible change. Hence, we can be confident that the cell viability is not significantly affected by our experiments.
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ploit the concatenated continuous dynamical decoupling strategy to a scenario of practical relevance, namely to protect quantum spin coherence of NV containing nanodiamonds in living cells. The ability to extend spin coherence times in living cells raises new possibilities for enhanced quantum sensing of the intra-cellular environment and related biological events.
order, i.e.,
as (Ω 2 /Ω 1 ) is kept at 10
and δ x is of the order of 1% of Ω 1 the effect of the noise is of the order of 10 −3 Ω 1 . It is noteworthy that this effect could be further suppressed by adding a higher drive by an extra time dependent phase term.
Characteristics of nanodiamond.-The nanodiamonds are spin-coated on the mica plate and scanned after drying, we choose different areas to perform AFM scan and count the statistics of nanodiamond size. Considering the broadening effect of AFM, we measure the height of nanodiamonds to estimate their sizes. The statistics of nanodiamond size is shown in Fig.1(b ]. The applied magnetic field is B = 508 Gauss.The relaxation time is estimated to be T 1 = 87.35 ± 7.50µs.
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To characterize the properties of spin noise, we perform Ramsey measurement applying magnetic field of different strength along NV axis. The dependence of T * 2 on the applied magnetic field is shown in Fig.S1 . It can be seem that T * 2 increases with a larger magnetic field, which suggests that electric noise may be a dominant source of spin dephasing in the present sample [2] . We also perform spin echo measurement of NVs in several nanodiamonds. Owing to the different environment for different nanodiamond NVs. The experiment data is normalized through Rabi oscillation, and then is fitted with the function
α ]. The result shows that α ∈ [1.08, 1.74] and T S E for the average spin echo coherence time is around 3µs, see Table I . In Fig.S2 , we plot the experiment data for the relaxation time measurement of the NV center shown in Fig.2 of the main text. The normalized experiment data is fitted with the function P |0 (t) = (1/2)[1 + e −(t/T 1 ) ], which gives an estimation of T 1 = 87.35 ± 7.50µs.
Cell culture and sample preparation.-NIH/3T3 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with fetal bovine serum and penicillin/streptomycin. Nanodiamonds were diluted in DMEM. Then cells were seeded on cover slips and incubated with the DMEM-nanodiamond suspension (37°C, 5% CO 2 ) for 20 hours, which allowed cells to adherent to the surface of the cover glass. After treatment, the media was removed and the cover glass was washed 3 times with phosphate buffered saline (PBS). The cultured NIH/3T3 cells were immersed in PBS throughout the measurement, and the temperature was kept around 22°C. The confocal imaging was performed through the cover glass, using an oil immersion lens. The NV center measured in this work was located about 2.5 micrometers above the cover glass. Quantum measurements were performed on the NV centers by applying a microwave signal along a copper wire (with a diameter ∼20µm) which is about ∼30µm far away from the NV center. Cell membrane staining and identifying nanodiamonds in cells.-In order to identify those nanodiamonds that were taken in cells, we first use the 1, 1 -Dioctadecyl-3,3,3 ,3 -tetramethylindocarbocyanine perchlorate(DiIC 18 (3)) which is a kind of lipophilic fluorescent dyes to label the cytomembrane. After the procedure of cellular uptake, the cell culture medium was removed, and the cells were then incubated with 200 µL DiIC 18 (3) (0.0486 µM/L) solution for about 1 hour (37°C, 5% CO 2 ). The sample was washed 5 times with PBS before it was imaged with a home-built confocal setup. The stained cell images with clear profile are shown in Fig.S3(a,c) , which demonstrate clearly the cytomembrane labelled by DiIC 18 (3) and the cell nucleus. Fig.S3(b) shows a zoom in area where we identify three nanodiamonds in cell, which is further confirmed by our XZ confocal scan, see Fig.S3(d-f) .
